T1 values of the His-35 C-2 proton resonance of reduced Pseudomonas aeruginosa azurin were determined at 25C and pH values 4.5, 7.3, and 9.0 in the presence of different fractional amounts of oxidized azurin. The C-2 proton of His-35 undergoes very rapid spin relaxation in oxidized azurin because of its close proximity to the paramagnetic copper. In the presence of oxidized protein, the T1 values of this proton in reduced azurin depend on the lifetime of the reduced protein. From the T1 data, the electron self-exchange rate constant for azurin was calculated to be 1.4 x 104 M-s-, 4.3 x 10 M-l s'l, and 6.0 x 103 M-l s'1 at pH values 4.5, 7.3, and 9, respectively. At pH 7.3, the C-2 proton of His-35 is in slow exchange between the imidazole and imidazolium forms and gives rise to two separate resonances at 9.39 and 8.00 ppm. By using these two resonances, the electron self-exchange rate constants were determined separately for the two species of azurin for which the His-35 residue is in the imidazole or the imidazolium forms; results showed that both species participate in self-exchange of electrons with equal efficiency.
9, respectively. At pH 7.3, the C-2 proton of His-35 is in slow exchange between the imidazole and imidazolium forms and gives rise to two separate resonances at 9.39 and 8.00 ppm. By using these two resonances, the electron self-exchange rate constants were determined separately for the two species of azurin for which the His-35 residue is in the imidazole or the imidazolium forms; results showed that both species participate in self-exchange of electrons with equal efficiency.
Azurins are low molecular weight bacterial proteins that contain one "blue" copper redox center per molecule of protein. Because of their convenient size and the unusual characteristics of their redox center, the structure and the electron exchange properties of this protein have been examined in detail (e.g., refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In several of these studies, the electron self-exchange rate for azurin has been calculated based on Marcus theory and electron transfer rates between azurin and a variety of redox partners (7) (8) (9) (10) . Given the important role played by this parameter in theoretical considerations of the overall electron exchange process, it would be highly desirable to determine its value experimentally.
In this paper we report direct measurements of the selfexchange rate constant for Pseudomonas aeruginosa azurin using 1H nuclear magnetic resonance spectroscopy. The measurements rely on determinations of the spin-lattice relaxation time (T,) of the C-2 proton of His-35 in mixtures of reduced and oxidized protein. A unique feature of these NMR measurements is the fact that, at or near neutral pH, the electron exchange properties of two species of azurin that differ in the ionization state of the His-35 residue were monitored separately; this was possible because the interconversion between imidazole and imidazolium forms of His-35 is slow relative to the frequency difference between the His-35 C-2 proton resonances in the two forms (4, 11) . METHODS A P. aeruginosa culture (ATCC 19429 or NCTC 6750) obtained from the American Type Culture Collection was grown on a large scale at 320C under an atmosphere of nitrogen by the Grain Processing Corp., Muscatine, IA. Azurin was purified as described (12) . The final product had a purity ratio of (Ag25/A280) > 0.52 and also was checked by the appearance of a single band corresponding to azurin in a polyacrylamide gel.
Azurin samples were prepared for NMR by taking lyophilized protein and incubating in excess 2H20 at pH 3.5 and 50'C for 1 hr. The pH was then adjusted to 7.5, and the samples were lyophilized and subsequently redissolved in 0.1 M NaCl in 2H20. Reduced azurin was prepared by addition of dithionite and subsequent dialysis against 0.1 M NaCl in 2H20 under an argon atmosphere. Oxidized azurin concentrations were measured at 625 nm with an extinction coefficient of 5.7 x 103 M-cm- (2) . The pH values of the solutions were adjusted with NaO2H or 2HCl in 2H2Q. The pH readings reported represent direct electrode readings and were not corrected for the deuterium isotope effect.
The 1H NMR spectra were recorded at 250C and 300 MHz with a Bruker WM-300 spectrometer. T, measurements were performed by the inversion recovery procedure. Convolution difference spectra were calculated as described by Campbell et al. (13) with 5 Hz and 20 Hz as the line-broadening parameters and an additive constant of -0.85. The peak heights obtained from the spectra were used for a three-parameter nonlinear least-squares fit to obtain the T, values. In self-exchange measurements, aliquots of fully oxidized azurin were added to the NMR sample. After each T, measurement, the oxidized and total azurin concentrations in the sample were determined spectrophotometrically; for the latter determination, azurin was fully oxidized by addition of ferricyanide.
RATE MEASUREMENTS
In the presence of electron exchange between the two redox states of azurin, the Bloch equation for the longitudinal magnetization of a nuclear spin on the reduced species can be rewritten as
where the superscript 0 denotes thermal-equilibrium values for the magnetizations, subscripts ox and rd denote oxidized and reduced protein, and r is the lifetime due to electron exchange. If the spin under consideration is located in close proximity to the Cu ion, its T, in the oxidized protein can [2] Thus, in the presence of the electron exchange, the effective T, measured for the reduced species (T1d) will be equal to (1Tl,,, + l/Trd). Since Tl,, can be independently measured in a sample of fully reduced protein, one can determine Trd and, consequently, the rate constants for electron exchange.
In the past, spin-lattice relaxation data of two exchanging species has been analyzed by using an approximation that is applicable in the limit when one species exists in much smaller quantities than the other (14) (15) (16) . For the case of two redox centers exchanging electrons, this approximation can be written with our nomenclature as 1ITL = (1/Tld) + f/(T7ox + Tx), [3] where Tt is the experimentally determined T, in the presence of eTectron exchange and f is the fraction of the total protein present as the oxidized species; this expression is equivalent to 1/Tb given by Eq. 2 (5, 17) . His-35 is a relatively buried residue located near the Cu site. In Pseudomonas azurins, the interconversion between imidazole and imidazolium forms of this residue is in the slow-exchange domain in 1H NMR spectra at 220 MHz or higher frequencies (4, 11, 18) and in the intermediate-to-slow-exchange domain in 13C NMR spectra at 15.8 MHz (3) . Therefore, at pH values near the pKa of this residue (=7-7.4), two separate resonances appearing at 9.39 and 8.00 ppm were observed from the C-2 proton moiety of the imidazolium and imidazole forms of His-35, respectively. At pH 4.5 or 9, a single C-2 proton resonance was detected. Since 1H NMR spectra of azurin have been well documented, we present here only one spectrum ( Fig. 1) , which displays the His-35 C-2 proton resonances at pH 7.3.
The conditions considered in the derivation of Eq. 2 are applicable to the C-2 proton of His-35. By using a 6-A separation between the C-2 proton and the Cu atom (5, 17) and a rotational correlation time of -10-9 s (4), the dipole- Cr-H 10 -ppm region of the convolution-difference 'H NMR spectrum of reduced P. aeruginosa azurin at 300 MHz, 25°C, and pH 7.3. The sample contained 4.5 mM reduced azurin prepared as described. The spectrum was obtained with 900 pulses and 4-sec repetition time. dipole interactions with Cu2' alone causes the T, of this proton to be -2 ms at 7.05 Tesla (300 MHz 'H frequency). T.,, in our samples can be calculated from the data given in Tables 1   and 2 It is difficult to prepare and maintain azurin in its fully reduced state at acidic pHs in the absence of excess reducing agents. Consequently, our starting sample at pH 4.5 was not completely reduced. Smaller fractional amounts of oxidized azurin also may have been present in our other starting samples. Therefore, the experimentally determined quantity A(1/T,) was fitted to the expression is calculated to be 0.15 mM in the pH 4.45 sample and is negligible in the pH 9.0 sample. The latter observation is consistent with the fact that azurin undergoes a slow selfreducing reaction at alkaline pHs (19) . The second-order, self-exchange rate constants obtained from these fits were 1.44 (± 0.04) x 104 M--s-1 at pH 4.45 and 6.0 x 103 M-s-1 at pH 9. The error given for the pH 4.5 measurement is the standard deviation for the slope. Since we have only two points for the pH 9 data, such an error estimate is not possible. However, percentage error (standard derivation) is probably comparable to that given for the pH 4.45 data.
Self-Exchange Rate at pH 7.3. At this pH, there are two reduced azurin species present in solution; they differ in the protonation state of His-35 and other structural features that are a consequence of His-35 ionization (3, 4) . His-35 pKa in oxidized azurin has been reported to be 5.9 or less (6); therefore, as far as conformations that depend on His-35 ionization are concerned, there will be essentially a single solution form of oxidized protein at this pH. In the 1H NMR spectrum, two separate C-2 proton resonances were detected from His-35 of reduced azurin (Fig. 1) . The T, values measured for the two peaks at different fractional amounts of oxidized azurin present are given in Table 2 for three different samples.
The data analysis is complicated by the fact that there exists in solution not only electron exchange but also interconversion between the two different populations of His-35 C-2 protons. At or near neutral pH, the pseudo-first-order rate constant for the latter process is -1 s-1 as measured by saturation transfer (11); since this is comparable to the electron exchange rates in our sample, it cannot a priori be ignored. for the 9.39-and 8.00-ppm peaks of the His-35 C-2 proton. Therefore, the self-exchange rate constant can be extracted from the T, data by using Eq. 5. Fig. 3 In temperature-jump (T-jump) experiments, the approach to equilibrium of the azurin-Cyt c551 electron exchange reaction displays two distinct relaxations with two different time constants (1, 6, 21) . It was inferred from this unusual kinetic behavior that reduced azurin in solution exists in two conformations, one of which is absolutely inactive in the electron transfer reaction with Cyt c551 (1, 21) . In subsequent reports (22) (23) (24) the "active" and the "inactive" conformers were proposed to be the azurin molecules that differ in the state of protonation of His-35. The possibility that the electron exchange kinetics of azurin may be affected by His-35 ionization, although not in the all-or-nothing fashion later envisioned (22) (23) (24) , was first suggested on the basis of natural abundance 13C NMR studies on P. aeruginosa azurin (3). The 13C NMR data was found to be inconsistent with the presence of fully "active" and fully "inactive" conformers of azurin. However, it was observed that the structure of the protein in the vicinity of the Cu atom was significantly perturbed, as an ionizable group with a pK of =7.1 was titrated.
This group was identified as the histidine residue that is not a ligand of Cu but is located near it; as a result of the recently published structure of azurin (4, 17), we now know this residue to be His-35. It was suggested that through structural perturbations induced near the copper center, "the electron exchange efficiency between azurin and the Cyt c551 may be affected by the ionization of this histidine and/or that the PKa of this residue is different in the oxidized and reduced azurins, resulting in complex equilibria and decay kinetics in the reported temperature-jump experiments, which were carried out at neutral pH" (3). All subsequent experiments concerned with this question (6, 12, (22) (23) (24) (25) indicate that the protonation reaction of the His-35 residue is indeed the source of the complex decay kinetics observed in T-jump studies of electron exchange between azurin and Cyt c551. However, any model in which the electron exchange rate between azurin and Cyt c is proposed to be significantly altered by the ionization state of His-35 is inconsistent with the fact that the electron transfer rate between Cyt c551 and azurin is independent of pH in the range 5.0-9.0 (6, 23, 26) and with our current results, which show that the self-exchange rate constant is not affected by His-35 ionization. We emphasize that, although several NMR studies have shown that His-35 ionization causes structural changes in the vicinity of the Cu atom and that "high-pH" and "low-pH" conformations of azurin can be identified (3, 27, 28) , there is no direct evidence that shows that electron exchange kinetics of these distinct conformations are sufficiently different to warrant identifying them with a redox "active" or "inactive" form. On the contrary, our data and the data of others (6, 23, 26) indicate that electron exchange kinetics of azurin is relatively pH independent. This leads to the conclusion that the complex decay seen in T-jump experiments may arise, as previously suggested (3), from the pKa of His-35 being significantly different in the oxidized and reduced proteins. We will discuss a kinetic model based on this premise; however, before we do so, we will consider one issue concerning the His-35 ionization reaction.
The rate constants obtained from the T-jump data for the slow relaxation are =15 s-1 or larger (1, 21) . However His-35 C-2 protons that give rise to the 9.39-and 8.00-ppm peaks in the reduced azurin spectra interconvert at much slower rates. Even though linewidth considerations put an upper limit of 35 s-1 to this interconversion rate, saturation transfer measurements indicate that the rate constant is =1 s-1 (11) . If the interconversion rate constant is 2 15 s-1, virtually 100% reduction should be observed in the intensity of the 9.39-ppm peak when the 8.00-ppm resonance is saturated; however, the reduction was =50%. If the His-35 ionization kinetics is indeed associated with the "slow" relaxation seen in T-jump studies of electron exchange as generally accepted (3, 6, 12, (22) (23) (24) (25) , these paradoxical results must be reconciled. A possible explanation is that the His-35 protonation reaction proceeds in two steps, so that the T-jump measurements and the saturation transfer measurements are dominated by different rate constants. An analogous situation is the well-characterized exchange between a-and 3-anomers of fructose 1,6-bisphosphate, which proceeds via an openchain keto form that constitutes =1% of the total solution population of this molecule; although the overall exchange between a-and p-anomers is slow, conversion into the open chain form is much faster and is exclusively responsible for the linewidths of the resonances of the a-and P-anomers (29) . It also should be mentioned that the existence of more than one step in the His-35 ionization reaction has already been postulated based on T-jump studies (6) . Having pointed this out, for simplicity of discussion, we will ignore the possible existence of two steps in the ionization reaction of His-35 and consider the following scheme for the electron exchange reaction between azurin and Cyt c551: (12) , then the proposed scheme reduces to a simple single reaction that would yield a single decay in a Tjump measurement of electron exchange with Cyt c551. This is in agreement with the fact that only the fast decay was observed in T-jump studies of electron exchange between A. feacalis azurin and Cyt c551 (22) .
In summary, we present in this paper direct experimental measurements of the self-exchange rate constant for the P. aeruginosa azurin and show that the state of His-35 ionization does not significantly influence this rate constant; furthermore, we present a model for the azurin-Cyt c551 electron exchange that is consistent with the large body of data on the electron exchange between these redox proteins.
